From a strain of Bacillus stearothermophilus, devoid of active pyruvate carboxylase, a mutant (NG-15) was selected that grew on acetate in the presence of glucose. This mutant differed from its parent organism in possessing high activities of isocitrate lyase when grown on all carbon sources tested except nutrient broth, in possessing unusually low activities of NADPf-dependent isocitrate dehydrogenase and in containing increased amounts of isocitrate. Revertants of mutant NG-15 which regained the ability to synthesize active pyruvate carboxylase also synthesized isocitrate lyase and isocitrate dehydrogenase to the same extent as the wild-type strain. These results suggest that the regulatory mechanism for the synthesis of isocitrate lyase in the thermophile may be different from that in mesophilic bacilli. (Sundaram, 1973) . However, one such mutant, designated NG-15, has been found which may not be truly constitutive for the enzyme. The properties of this mutant are described here and the results are discussed in relation to a possible regulatory system for isocitrate lyase synthesis in this thermophilic strain of Bacillus.
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Organisms were harvested and cell-free extracts were prepared and assayed for isocitrate lyase activity as described in Methods. Total isocitrate lyase activity is expressed as the product of the specific activity of the enzyme in the extract [pmol glyoxylate produced min-l (mg protein)-'] and cell density [mg dry mass (ml ~ulture)-~]. (Table l) , but was able to grow on glucose, albeit slowly, after preincubation on acetate medium. Presumably the glyoxylate cycle could function as the anaplerotic route under these conditions in mutant NG-15, although it could not do so in the parent organism. Both PC-2 and NG-15 mutants grew on intermediates of the tricarboxylic acid cycle, such as succinate and fumarate, at rates similar to those of the wild-type organism on the same substrates.
Synthesis of isocitrate lyase during growth on various substrates
Unlike the wild-type organism, strain NG-15 continued to synthesize isocitrate lyase when growing on acetate in the presence of glucose (Fig. 1) . By plotting the total activities of isocitrate lyase (defined as the product of the cell density of the culture and the specific activity of the enzyme in extracts of cells harvested at those densities) in extracts of the wild-type organism and mutant NG-15 against the cell densities at which the samples were taken, the rates of induced synthesis of the enzyme in these organisms could be calculated (Monod, 1956) .
The activities of isocitrate lyase in the wild-type and mutant strains of the thermophile licheniformis A5 (b) were grown on salts/acetate (0, m) or salts/citrate (0,n) media. Samples of the cultures were removed at intervals and the cells were harvested. Cell-free extracts were prepared and assayed for isocitrate lyase activity. The total isocitrate lyase activity was plottedagainst the cell density of the culture at the time the cells were removed, as described in Fig. 1 .
grown on various carbon sources are shown in Table 2 . Mutant NG-15 produced high activities of the enzyme during growth on all the media examined except nutrient broth. In contrast, the parent organism PC-2 contained isocitrate lyase at the same activity as found in wild-type organisms grown on the same substrate. On all media examined, mutant NG-35 also produced isocitrate lyase to a high specific activity. This mutant synthesized isocitrate lyase to a much greater activity than the other strains when grown on acetate. The activity of isocitrate lyase was low in extiacts of wild-type organisms grown on all the media except acetate, citrate and, to a lesser extent, succinate. However, the wild-type strain grew poorly on citrate and the continued synthesis of the enzyme on this medium (Fig. 2a ) may indicate a partial relief of catabolite repression consequent upon this poor growth. However, a mesophilic strain of Bacillus (B. lichenformis) also grew slowly on citrate, but without the concomitant synthesis of isocitrate lyase (Fig. 2 b) .
The isocitrate lyase activities of mutant NG-15 and the wild-type strain were similar. Both were inhibited by pyruvate and by phosphoenolpyruvate with approximate inhibition constants (KJ of 0.8 mM for phosphoenolpyruvate and 0.5 mM for pyruvate.
Isocitrate Iyase synthesis in a thermophile 361 Enzyme dCtiVitieS in mutants of the thermophile The activities of certain enzymes in extracts of acetate-grown cultures of wild-type cells and of mutants PC-2 and NG-15 are shown in Table 1 . Isocitrate lyase and malate synthaee activities were similar in all three organisms. Only extracts derived from the wild-type strain contained pyruvate carboxylase activity.
Extracts of mutant NG-15 contained considerably less NADP+-dependent isocitrate dehydrogenase activity than those of the wild-type strain or of its mutant PC-2. No NADfdependent isocitrate dehydrogenase was detected in any of the organisms.
Assays with mixed extracts of strains PC-2 and NG-15 showed that the low activities of the NADP+-dependent isocitrate dehydrogenase in extracts of the mutant NG-15 did not result from the presence of other inhibitors in the extract. The lack of isocitrate dehydrogenase activity in the mutant was, therefore, due to a genetic lesion.
Aconitase activity in extracts of strain NG-15 was higher than those of wild-type and strain PC-2 extracts. This agreed with the findings of Rutberg & Hoch (1970) , who showed that mutants lacking isocitrate dehydrogenase had enhanced aconitase activities.
The specific activity of isocitrate dehydrogenase in extracts of NG-15 that had been grown on carbon sources other than acetate was consistently lower than that found in similar extracts of wild-type and PC-2 cultures (Table 3) . However, appreciable amounts of isocitrate dehydrogenase were synthesized by NG-15 when grown on malate or fumarate.
Isocitrate concentrations in the mutant of the thermophile
The isocitrate concentrations of extracts of the wild-type thermophile after growth on acetate, and on acetate in the presence of glucose, were 16.2 and 6.6 pmol (g dry mass cells)-l, respectively. Similarly, the values for the mutant NG-15 were 24.6 and 15.7 pmol (g dry mass cells)-l. (These results are the average for four individual extracts from two different cultures.) The concentrations of isocitrate in extracts of strain NG-15 were considerably higher than in similar extracts of wild-type cells. The increase appeared to be a consequence of the reduced ability of strain NG-15 to channel isocitrate through the NADP+-dependent isocitrate dehydrogenase.
Glyoxyldte concentrations in the mutant of the thermophile
The glyoxylate concentrations in extracts of the wild-type organism grown on acetate averaged 1-3 pmol (g dry mass cells)-l. The glyoxylate concentration in strain NG-15 extracts grown on the same carbon source was 0.8 pmol (g dry mass cells)-l.
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Revertants from NG-15 capable of good growth on glucose A culture of mutant NG-15 grown on acetate was plated on to salts/glucose plates, and the larger colonies which appeared after incubation at 55 "C for between 24 and 36 h were removed and streaked on to fresh glucose plates. Single colony isolates were obtained and extracts of these mutants were assayed for pyruvate carboxylase activity. Fourteen of the colonies tested in this way had regained pyruvate carboxylase activity. Further examination of nine of these revertants showed that, whereas they synthesized isocitrate lyase normally during growth on acetate as sole carbon source, they had lost the ability to synthesize the enzyme when grown on acetate in the presence of glucose. These mutants had also regained the ability to synthesize wild-type levels of NADP+-dependent isocitrate dehydrogenase activity. The properties of one such revertant, designated R-9, are shown in the Tables; it is evident that the revertant had regained all the characteristics of the wild-type organism. It thus appears that the unusually high activities of isocitrate lyase observed when mutant NG-15 was grown on substrates other than acetate are directly related to the decreased activity of isoci trate dehydrogenase and the concomitantly increased concentrations of isocitrate.
D I S C U S S I O N
Organisms growing on glucose as the sole carbon source fix CO, with a C,-acid as an anaplerotic reaction. In the wild-type strain of a thermophilic Bacillus, CO, was fixed into oxaloacetate via pyruvate carboxylase (Cazzulo et al., 1970) . Mutant PC-2 which was devoid of pyruvate carboxylase was, therefore, unable to grow on glucose as the sole carbon source (Sundaram, 1973) . However, mutant PC-2 grew normally on acetate with the 'induction' of isocitrate lyase being unimpaired. Addition of glucose to acetate-grown cells of mutant PC-2 inhibited growth because C3 compounds repressed and inhibited isoci trate lyase (Kornberg & Smith, 1969) . Mutant NG-15 was unusual in that it giew on acetate in the presence of glucose, although it was devoid of pyruvate carboxylase activity. Indeed, it grew on glucose alone, albeit poorly (Griffiths, 1974) . This suggested that the regulation of isocitrate lyase synthesis, or control of its activity, must be different in this strain. Mutant NG-15 is similar to mutant NG-35 studied by Chell & Sundaram (1975) in that both can grow on acetate in the presence of glucose, despite their lack of pyruvate carboxylase activity. There are, however, some notable differences between the two mutants. Mutant NG-35 is constitutive for isocitrate lyase as the enzyme is synthesized in cells grown on all media tested (Sundaram, 1973; Chell & Sundaram, 1975) . Although strain NG-15 also synthesizes isocitrate lyase on all media tested (Table 2) , the activity of the enzyme in nutrient broth cultures is the same as that of the parent organism PC-2 which is not constitutive for the enzyme. The activity of isocitrate lyase in extracts of mutant NG-35 grown on nutrient broth is about 10 times greater than the activity in extracts of mutant NG-15 grown on the same medium (Table 2) . Also, the isocitrate lyase activity in extracts of NG-35 grown on acetate appears to be about 2.5 times that of similar extracts of wild-type, PC-2 and NG-15. Thus strain NG-15 may not be truly constitutive for isocitrate lyase synthesis. This would indicate that there was an altered induction system for isocitrate lyase in mutant NG-15 or, alternatively, that there was a lack of inhibition of the isocitrate lyase from the mutant NG-15 by C3 compounds. The latter did not appear to be the case as the enzymes from the wild-type strain and mutant NG-15 were both inhibited by phosphoenolpyruvate and/or pyruvate.
Mutant NG-15 was also characterized by very low activities of NADP+-dependent isocitrate dehydrogenase during growth on all media examined. Extracts of NG-35 also have lower activities of NADPf-dependent isocitrate dehydrogenase than the wild-type organism, although not as low as mutant NG-15 (Chell & Sundaram, 1975) . The activity of this enzyme is still appreciable in strain NG-35 grown in nutrient broth. In contrast, there is no Isocitrate lyase synthesis in a thermophile 363 detectable isocitrate dehydrogenase activity in extracts of strain NG-15 grown in nutrient broth. Synthesis of the NADPf-dependent isocitrate dehydrogenase in the wild-type organism was repressed during growth on acetate and this agrees with the findings of Bennett & Holms (1975) .
Another difference between mutants NG-15 and NG-35 is that NG-35 grows much more slowly than the wild-type organism on acetate (relative growth rate of 0.26) (Chell & Sundaram, 1975) whereas on the same carbon source NG-15 grows at the same rate as the wild-type organism. This slow growth of mutant NG-35 may be due to a deficiency of glutamate (Chell & Sundaram, 1975) being caused by glyoxylate and oxaloacetate inhibiting and repressing isocitrate dehydrogenase. The build up of glyoxylate or a metabolite resembling it in mutant NG-35 has been reported by these authors. However no such build up of glyoxylate was observed in mutant NG-15 during growth on acetate, although the concentrations of isocitrate in mutant NG-15 were much higher than those in the wild-type organism grown under the same conditions. This suggested that the residual isocitrate dehydrogenase activity served to supply the glutamate needed for growth of mutant NG-15, but was not adequate for the supply of energy and anaplerotic intermediates. Hence, isocitrate lyase was needed to play this role and clearly this would not be possible unless the regulatory system for isocitrate lyase synthesis had been altered. It was not clear whether the lack of isocitrate dehydrogenase was necessarily associated with this altered isocitrate lyase regulation. One possibility was that the accumulation of isoci trate (or possibly citrate) might have induced the synthesis of isocitrate lyase in mutant NG-15. This hypothesis was supported by the finding that the wild-type strain of the thermophile synthesized isocitrate lyase to a considerable extent during poor growth on citrate. Ashworth & Kornberg (1964) demonstrated that E. coli W could produce up to 30% of the activity of isocitrate lyase found in acetate-grown cells during growth on substrates that allowed only slow growth; in contrast, a mesophilic strain of Bacillus, B. lichenijormis, also grew slowly on citrate, but without the synthesis of isocitrate lyase. Moreover, other organisms which grow on citrate, such as Salmonella sp., do not synthesize the enzyme on this medium (Kornberg, 1966) . Isocitrate has been proposed as an inducer of isocitrate lyase in Neurospora crassa (Flavell & Woodward, 1971 ) and it may be that isocitrate can act in this manner in cells of the thermophilic strain of Bacillus.
The possibility exists that the lesion in mutant NG-15 occurs in the gene specifying the synthesis of isocitrate dehydrogenase, whereas the mutation of strain NG-35 of Chell & Sundaram (1975) is in the system regulating the synthesis of the glyoxylate cycle enzymes. However, the nature of these lesions remains unclear.
